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Highly pigmented, dark skin is more resistant to
the harmful effects of solar ultraviolet radiation than
light-colored human skin. The extent to which tanning
protects skin from harmful effects including induction
of skin cancer is not known, however. We have investi-
gated whether the skin pigment, melanin, sensitizes
or protects isolated DNA or nuclear DNA in melanoma
cells from the induction of the premutagenic oxidative
DNA base damage, 8-hydroxy-deoxyguanosine, by
ultraviolet A irradiation. Synthetic eumelanin sensi-
tized isolated DNA to induction of the oxidative DNA
base damage by ultraviolet A, but it also induced the
oxidative DNA base damage in the dark. To study the
role of natural melanin in mammalian melanoma cells
in the induction of oxidative DNA base damage,
melanin synthesis was modulated 5–7-fold in the
human melanoma cells GLL19 and IGR1 (which con-
Dark-skinned people are much less susceptible thanCaucasians to ultraviolet (UV)-induced skin damageincluding both non-melanoma and melanoma skincancer. The difference can to a large degree beexplained by the superior optical filtering provided
by the large amount of melanin in the epidermis of black skin
(Kaidbey et al, 1979); however, it is not clear whether or not the
extra melanin of tanned Caucasian skin protects against the induc-
tion of skin cancer by UV radiation.
The melanin contained in single melanocytes or keratinocytes
does not have sufficient optical density to provide an efficient
optical filter for the single cell; however, melanin has a complex
and varying polymer structure which can both bind and release
molecular oxygen, metal ions, including iron, and reactive oxygen
species (Sarna and Sealy, 1984; Pilas et al, 1988; Schmitz et al,
1995). Thus, it is not surprising that melanin can either protect
biomolecules from or sensitize them to UV radiation depending
on mechanisms that are not well understood. For example, the
yellow and red pheomelanin, and to a lesser degree the brown
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tain both pheomelanin and eumelanin) as well as in
the mouse melanoma cells B16 (which contain mainly
eumelanin). Increased melanin synthesis clearly did
not protect against ultraviolet A-induced oxidative
DNA base damage in cells. On the contrary, the
human melanoma cells with high melanin content
accumulated two times more 8-hydroxy-deoxyguano-
sine after ultraviolet A irradiation than cells with low
melanin content. Furthermore, preirradiation of the
human melanoma cells, IGR1, with ultraviolet A 4 h
before a second ultraviolet A exposure produced an
altered amount of induced 8-hydroxy-deoxyguanosine
dependent on the melanin content of the cells. We
conclude that stimulation of melanin synthesis, but
probably not melanin itself, increases the susceptibility
of human melanoma cells to induction of premuta-
genic oxidative DNA base damage by ultraviolet A
irradiation. J Invest Dermatol 113:209–213, 1999
eumelanin, can release toxic compounds upon UV irradiation
(Menon et al, 1983). Interestingly, the concentration of pheomelanin
relative to that of eumelanin has been found to be high in dysplastic
melanocytic nevi (Salopek et al, 1991).
Whereas non-melanoma skin cancer is primarily induced by the
UVB (280-320 nm) region of the solar spectrum, which is efficiently
absorbed by DNA, it is not known which parts of the solar spectrum
induce human melanomas; however, both in the Xiphophorus fish
model (Setlow et al, 1993) and in the Monodelphis domestica opossum
model (Ley, 1997), the UVA (320–380 nm) and near-visible
irradiation, possibly absorbed in melanin, apparently play a major
part in the induction of melanomas. Irradiation with UVA exposes
cells to oxidative stress by absorption of radiation in endogenous
photosensitizers generating reactive oxygen species, notably singlet
oxygen. The oxidative stress induces damage to biomolecules such
as lipids, proteins, and DNA. Thus, UVA irradiation of skin cells
induces significant amounts of the premutagenic oxidative DNA
base damage 8-hydroxy-deoxyguanosine (8-OHdG57,8-dihydro-
8-oxo-29-deoxyguanosine) via generation of singlet oxygen (Kvam
and Tyrrell, 1997a).
We have studied the role of melanin in human and mouse
melanoma cells in the induction of 8-hydroxy-dexoyguanosine by
UVA irradiation. The cellular content of melanin was modulated
and the cells were exposed to single or split doses of UVA irradiation
before determining the level of the premutagenic oxidative DNA
base damage, 8-OHdG.
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MATERIALS AND METHODS
Chemicals Calf thymus DNA and synthetic eumelanin were obtained
from Sigma (Buchs, Switzerland).
Cell cultivation The human melanoma cells GLL19 (Benathan, 1996)
were grown in RPMI 1640 medium (Gibco, Basel, Switzerland). The
human melanoma cells IGR1 (Odh et al, 1994) and the mouse melanoma
cells B16 (Kuzumaki et al, 1993) were grown in Earle’s minimal essential
medium (Gibco). All the cells were cultivated using 10% fetal bovine
serum. The cells were kept in exponential growth by replating two times
a week. The GLL19 cells were kindly given by Dr. Donata Rimoldi, the
IGR1 cells were kindly given by Professor Hans Rorsman, and the B16
cells were kindly given by Dr. Stephen H. Moss.
Induction of melanin synthesis Melanin synthesis was induced in the
human melanoma GLL19 cell by using O-phospho-L-tyrosine. Cells
(4 3 103 cells per cm2) were plated with or without 1.4 mM phospho-
tyrosine 5 d prior to irradiation. The medium of the cells exposed to
phosphotyrosine turned dark between the fourth and fifth day of exposure
and the density of cells was approximately half of that of nonexposed cells.
Pellets of phosphotyrosine-treated cells were dark brown.
The human melanoma cells IGR1 were not responsive to chemical
inducers of melanin synthesis; however, cells (5 3 103 cells per cm2)
seeded 7 d prior to irradiation became confluent and showed increased
melanin content compared with cells (4 3 104 cells per cm2) seeded 3 d
prior to experiments.
The mouse melanoma cells B16 were treated with 20 nM α-melanocyte
stimulating hormone for 2 d to induce melanin synthesis.
The melanin content of melanoma cells was determined by dissolving
a counted number of cells in 1 M NaOH. The samples were kept at
50°C and vortexed repeatedly for 2 h. After centrifugation (400 3 g)
the absorption at 470 nm of the supernatant was measured and compared
with that of synthetic eumelanin. Similar absorption measurement for
cells not containing melanin (human lymphoblastoid TK6 cells; Kvam
and Tyrrell, 1997a) were used to correct absorption data for melanoma
cells. The correction was normalized for varying protein content of
cells determined by the Bradford assay (Bradford, 1976). The melanin
of irradiated cells was measured by dissolving cells attached to tissue
culture dishes directly in 1 M NaOH. Absorption of melanin, corrected
as above, was determined per mg of protein in the cell extract.
UVA irradiation Calf thymus DNA (25 µg per ml) was irradiated with
UVA in 20 mM potassium phosphate buffer (pH 7.2) in the presence of
synthetic eumelanin (5 µg per ml). The irradiation was performed at
room temperature (22–25°C). The source of UVA was a broad-spectrum
UVASUN lamp (Mutzhas, Munich, Germany) with a dose-rate of 410 W
per m2 at the sample level. The lamp emits mainly UVA radiation in the
region 320–380 nm and a small amount of near visible radiation. Cells
attached to tissue culture dishes were washed with phosphate-buffered
saline supplemented with 0.01% Ca21 and Mg21 before irradiation. Cells
were irradiated at approximately 1°C by placing the tissue culture dishes
in an ice-water bath. Radiation fluence rates were measured as previously
described (Kvam and Tyrrell, 1997a).
Analysis of DNA damage After irradiation, the plates containing the
cells were kept in an ice-water bath. The phosphate-buffered saline
was replaced with ice-cold phosphate-buffered saline supplemented with
antioxidants, 2 mM (final concentration) desferal, 10 mM histidine, and
6 mM reduced glutathione, to prevent oxidation of DNA during isolation
of DNA (Kvam and Tyrrell, 1997b). The cells were scraped off the plates
using an ice-cold rubber policeman. The scraping did not change the yield
of induced 8-OHdG as we had identical yields with cells irradiated in
suspension or attached to plates (data not shown). Cells were either
immediately frozen (–70°C) or DNA was isolated. Both methods gave
identical yields of DNA damage.
DNA was isolated from cells using the procedures and columns provided
by Qiagen (Blood & Cell Culture DNA Kit) (Basel, Switzerland) as
previously described (Kvam and Tyrrell, 1997b). Initially, nuclei were
isolated by adding ice-cold hypotonic buffer (final concentrations 64 mM
saccharose, 1 mM MgCl2, 2 mM Tris, 0.2% Triton X-100, 20% phosphate-
buffered saline, pH 7.2) to the cell suspension containing the antioxidants.
After irradiation of calf thymus DNA in the presence of synthetic
eumelanin, DNA was precipitated with 70% ethanol. Synthetic melanin as
well as melanin from cells coprecipitated with DNA.
Isolated DNA was dissolved in 10 mM Tris (pH 7.5) and enzymatically
digested to nucleosides (Kvam et al, 1994). The presence of melanin did
not affect the complete digestion of DNA. High-performance liquid
Figure 1. Oxidative DNA base damage, 8-OHdG, induced in calf
thymus DNA by UVA irradiation. The DNA was irradiated in the
presence (filled bars) or absence (open bars) of synthetic eumelanin (5 µg per
ml). The error bars represent SD for three or four measurements.
chromatography was performed as previously described (Kvam et al, 1994)
except that the isocratic high-performance liquid chromatography condition
of 50 mM potassium phosphate buffer (pH 5.4) and 8%–9% methanol was
used. Nucleosides were detected by optical density at 254 nm and 8-
OHdG was measured by electrochemical detection (ESA, Model 5200
Coulochem II detector equipped with a 5011 analytical cell, Stagroma,
Zurich, Switzerland). Standards for 8-OHdG were synthesized as described
(Kvam et al, 1994).
RESULTS
Induction of oxidative DNA base damage by synthetic
eumelanin in vitro It is known that melanin or certain melanin
precursors can sensitize biomolecules to photodamage (Koch and
Chedekel, 1987; Routaboul et al, 1995). We examined whether
synthetic eumelanin could affect induction of the oxidative DNA
base damage 8-OHdG in pure DNA. Figure 1 shows that the
synthetic eumelanin induced 160 8-OHdG per 106 deoxyguano-
sines (dG) in the dark. Figure 1 also shows that eumelanin sensitized
DNA to oxidation by a small dose of UVA (120 kJ per m2). Hence,
230 8-OHdG per 106 dG were induced by 120 kJ per m2 UVA
in the presence of eumelanin but almost none in the absence of
eumelanin. For a higher dose of UVA (1200 kJ per m2) the
additional photodamage due to eumelanin appeared to diminish
(Fig 1). The mechanisms behind the effects of synthetic eumelanin
in vitro were not examined.
Modulation of the melanin content of melanoma cells In
order to study the role of natural melanin in vivo in the induction
of oxidative DNA base damage, melanin synthesis was modulated
in three different types of melanoma cells. Table I shows that
treatment of human GLL19 melanoma cells with phosphotyrosine
increased the melanin content 6.9 times. The increased melanin
content was obvious from the darkly colored pellets of treated
GLL19 cells. The human IGR1 melanoma cells did not respond
to chemical inducers of melanin synthesis; however, confluent
IGR1 cells developed a 7.5-fold increased melanin content com-
pared with nonconfluent cells. The IGR1 cells contain 50%
pheomelanin and 50% eumelanin in the noninduced state and 40%
pheomelanin and 60% eumelanin in the induced state according
to data obtained by other laboratories (Table I). The mouse
melanoma cells B16 increased their melanin content 5.4 times after
treatment of cells with α-melanocyte stimulating hormone. The
B16 cells contain only 5% pheomelanin and 95% eumelanin and
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Table I. Melanin content of melanoma cellsa
Basal total melanin content Basal pheomelanin content Induced melanin content Induced pheomelanin content
Cell type (pg per cell) (pg per cell) (pg per cell) (fold increase) (pg per cell) (fold increase)
Human GLL19 1.3 b 9.0 (6.93) –
Human IGR1 0.55 0.27c 4.1 (7.53) 1.6 (6.0 3)c
Mouse B16 0.50 0.03d 2.7 (5.43) 0.03 (1.0 3)d
aThe total melanin content is the sum of the contents of eumelanin and pheomelanin. The data for total melanin content represent the average of three to four measurements.
SD was less than 12%.
bThe cells contain relatively large amounts of the pheomelanin precursor 5-S-cysteinyldopa (Benathan, 1996).
cBased on data obtained from Odh et al (1994).
dBased on data obtained from Kuzumaki et al (1993).
Figure 2. Oxidative DNA base damage, 8-OHdG, in melanoma
cells irradiated with UVA. The melanoma cells contained either high
(filled bars) or low (open bars) amounts of melanin (Table I). The human
melanoma cells GLL19 and IGR1 and the mouse melanoma cells B16
were irradiated with 500 or 1000 kJ per m2 UVA. The amount of UVA-
induced 8-OHdG is indicated in parenthesis. The error bars represent SD
for four samples. Bars without error bars represent one sample. The pairs
of symbols * and ∆ indicate that the levels of 8-OHdG induced by UVA
were significantly different (Student’s t test, p , 0.01).
only the eumelanin content is increased by the hormone treatment
(Kuzumaki et al, 1993).
UVA induction of oxidative DNA base damage in melanoma
cells The melanoma cells with low or high melanin content
(Table I) were exposed to UVA (Fig 2). The cells were exposed
at approximately 0°C to prevent cell degradation and DNA repair.
Immediately after UVA exposure DNA was isolated in the presence
of antioxidants to prevent oxidation during DNA isolation (Kvam
and Tyrrell, 1997b). Figure 2 shows that for all the melanoma
cells examined the level of damage in nuclear DNA of unirradiated
cells did not depend on the cellular content of melanin. Thus,
increased melanin levels did not increase the levels of oxidative
DNA base damage at least at the time of UVA exposure.
UVA irradiation clearly caused oxidative DNA base damage in
all the melanoma cells tested (Fig 2). The induced level of 8-
OHdG increased with the dose of UVA up to 1000 kJ per m2. It
was necessary to expose cells to relatively high doses of UVA to
increase significantly the levels of 8-OHdG above the relatively
high background levels. Thus, for both cells with high and low
melanin content 180 kJ per m2 UVA produced no significant
increases in 8-OHdG levels (data not shown).
For both the human melanoma cell types, GLL19 and IGR1,
two times more oxidative DNA base damage was induced in the
cells with high melanin content as compared with those with low
melanin content (Fig 2). Hence, induction of melanin synthesis
made the cells more susceptible to UVA induction of oxidative
Figure 3. Oxidative DNA base damage, 8-OHdG, in human IGR1
melanoma cells irradiated with a single or split dose of UVA. The
melanoma cells contained either a high (filled bars) or low (open bars)
amount of melanin (Table I). The IGR1 cells were exposed to a single
or double dose of UVA before extraction of DNA for analysis. The time
between the first small dose of UVA (150 kJ per m2) and the second high
dose of UVA (1000 kJ per m2) was 4 h (indicated in parenthesis). The
cells were incubated at 37°C between the exposures of UVA. The level
of 8-OHdG 4 h after 150 kJ per m2 UVA is also shown. The amount of
UVA-induced 8-OHdG relative to that of cells not exposed to the high
dose of UVA is indicated in parenthesis. The error bars represent SD for
three or four samples.
DNA base damage. On the other hand, UVA induction of oxidative
DNA base damage in the mouse melanoma B16 cells was not
changed by induction of melanin synthesis.
Induction of oxidative DNA base damage in preirradiated
melanoma cells Melanin in melanocytes or melanoma cells is
synthesized and contained in membrane-bound melanosomes in
the cytoplasm. It is therefore conceivable that small doses of UVA
irradiation, which causes significant membrane lipid peroxidation
and permeabilization of membranes (Vile and Tyrrell, 1995),
may induce release of some melanin or melanin precursors from
melanosomes. Released melanin might damage biomolecules such
as DNA outside the melanosomes. Figure 3 shows the level of
oxidative DNA base damage in human IGR1 cells which were
preirradiated with a small dose of UVA (150 kJ per m2). The small
dose did not cause inactivation of cells assayed by uptake of Trypan
Blue into cells, whereas a higher dose of UVA (300 kJ per m2)
caused uptake of Trypan Blue in a few percentage of the cells with
both low and high melanin content (data not shown). Furthermore,
the small dose of UVA only reduced the optical density of melanin
in the cells slightly (Table II).
IGR1 cells with low melanin content which were preirradiated
with a small dose of UVA 4 h before 1000 kJ per m2 UVA
accumulated two times more oxidative DNA base damage than
cells which were not preirradiated (Fig 3). Preirradiation alone
caused only a small accumulation of 8-OhdG; however, pre-
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Table II. The effect of UVA irradiation on synthetic eumelanin and melanin in human IGR1 melanoma cellsa
Dose UVA (kj per m2) Eumelanin optical density Melanin optical density
(470 mm)d (relative units) (470 nm)d (relative units per
(6 SD, 3 samples) mg protein)
Sample (6 SD, 3 samples)
Synthetic eumelanin 0 1.0 6 0.02
120 0.90 6 0.04
600 0.86 6 0.03
1200 0.78 6 0.04
Human IGR1 cells with low melanin content 0 0.52 6 0.04
1000 0.48 6 0.07
150 (4 h)b 0.43 6 0.06
150 (4 h) 1 1000c 0.41 6 0.05
Human IGR1 cells with high melanin content 0 4.3 6 0.3
1000 4.0 6 0.5
150 6 4 h)b 3.5 6 0.4
150 (4 h) 1 1000c 3.8 6 0.6
aSynthetic eumelanin was irradiated in the presence of DNA as explained in Fig 1 and cells were irradiated with UVA as explained in Fig 3.
bMelanin absorption was measured 4 h after 150 kJ per m2 UVA irradiation.
cMelanin absorption was measured 4 h after 150 kJ per m2 UVA irradiation and immediately after a subsequent dose of 1000 kJ per m2 UVA.
dThere were no significant changes in the absorption spectra of melanin.
irradiation of IGR1 cells with a high melanin content induced a
significant accumulation of 8-OHdG 4 h after but not immediately
after irradiation (Fig 3). This accumulation of oxidative DNA base
damage appeared to be related to the induction of melanin synthesis.
When preirradiated cells were exposed to 1000 kJ per m2 UVA
little additional 8-OHdG was induced.
The effect of UVA radiation on the optical density of
synthetic eumelanin and of melanin in cells Some forms of
melanin or melanin precursors are known to be photodegraded
(Chedekel and Zeise, 1988; Routaboul et al, 1995) and UV
radiation does induce melanin synthesis in human melanocytes
(Ramirez-Bosca et al, 1992). We therefore examined the effect of
UVA radiation on the synthetic eumelanin in vitro and on the
melanin in human IGR1 cells. Table II shows that the doses of
UVA irradiation used only caused a small decrease in the optical
density of both the synthetic eumelanin and the melanin of the
IGR1 cells.
DISCUSSION
It is of considerable interest to examine whether tanned skin
compared with untanned skin is protected from or sensitized to
induction of melanoma by UV irradiation. To gain some basic
information related to this question, we have examined the effect
of the skin pigment eumelanin in vitro and natural melanin in
melanoma cells on the UVA-induction of the premutagenic
oxidative DNA base damage 8-OHdG. Synthetic eumelanin clearly
induced 8-OHdG in pure DNA in the dark and it also sensitized
DNA to induction of 8-OHdG by UVA irradiation (Fig 1). This
is consistent with other in vitro experiments with eumelanin or
pheomelanin (Koch and Chedekel, 1986; Routaboul et al, 1995).
UVA irradiation of human melanoma cells induced two times more
8-OHdG in cells with high melanin content compared with the
same cells with low melanin content (Fig 2). The 2-fold higher
UVA induction of the premutagenic 8-OHdG in human melanoma
cells with high melanin content suggests that high melanin content
is associated with a doubled risk of accumulating mutations from
UVA-induced oxidative DNA base damage.
After stimulation of melanin synthesis, the melanin content of
both the human melanoma cells IGR1 and GLL19 increased about
seven times (Table I) – a significantly higher increase than the
corresponding 2-fold increase in the amount of 8-OHdG induced
with 1000 kJ per m2 UVA. Thus, the amount of UVA-induced 8-
OHdG does not increase in proportion to the total melanin content
of the cells. For the human IGR1 cells, neither the pheomelanin
(6-fold increased) nor the eumelanin content (7.5-fold increased)
of cells (Table I) correlates with UVA-induced 8-OHdG. Hence,
it is unlikely that melanin is a major photosensitizer for UVA
induction of 8-OHdG in the human melanoma cells examined.
We cannot, however, rule out the possibility that melanin might
only be involved in the induction of 8-OHdG in cells with a high
melanin content. We also cannot exclude the possibility that a
small fraction of melanin in cells with a high melanin content
might be localized close to DNA and therefore sensitize DNA
to UVA.
Although melanin does not appear to be a major photosensitizer
in the human melanoma cells examined, there may exist cell types
with a composition of melanin where melanin is an important
photosensitizer. Hence, in human melanocytes from dark skin type
VI, UVA irradiation induced about 40 times more DNA single
strand breaks than in melanocytes from light skin type I (Wenczl
et al, 1998).
In contrast to the case of the human melanoma cells, UVA
induction of 8-OHdG in the mouse melanoma B16 cells was not
changed by the induction of melanin synthesis (Fig 2). In the B16
cells, stimulation of melanin synthesis by the melanocyte-stimulating
hormone increases the content of eumelanin exclusively (Table I).
Thus, at least in the B16 cells, eumelanin is apparently not associated
with UVA induction of 8-OHdG.
The human IGR1 cells with high melanin, in contrast to cells
with low melanin content, accumulated significant amounts of
8-OHdG from 0 to 4 h after a small dose of UVA (150 kJ per m2)
(Fig 3). The small dose of UVA only reduced the absorption of
the melanin in cells slightly (Table II) and it did not inactivate the
cells. It is conceivable that the slow accumulation of 8-OHdG in
cells with a high melanin content could be related to UVA-induced
leakage of melanin from melanosomes. To test this hypothesis,
new sensitive methods for detecting possible leakage of melanin
are required.
We have previously studied UVA induction of 8-OHdG in other
types of human skin cells which do not contain melanin, including
primary skin fibroblasts (Kvam and Tyrrell, 1997a). In the fibroblasts
8-OHdG was induced by excitation of unknown photosensitizers
producing singlet oxygen (Kvam and Tyrrell, 1997a). The amount
of 8-OHdG induced in nongrowing fibroblasts per unit dose of
UVA was of the same order as the amount induced in the GLL19
melanoma cells with a high melanin content (Fig 2). Thus, human
cells contain potent 8-OHdG inducing photosensitizers different
from melanin. Furthermore, for the human fibroblasts, UVA
induced significantly less 8-OHdG in exponentially growing cells
than in confluent nongrowing cell (Kvam and Tyrrell, 1997a)
suggesting that the cellular photosensitizer content varied with the
state of growth of the cells. Consequently, we cannot rule out the
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possibility that stimulation of melanin synthesis in the melanoma
cells, which slowed down cell growth, also affected the concentra-
tions of unknown photosensitizers.
We have found no evidence for the protection of melanoma
cells from UVA induction of 8-OHdG by high melanin content.
Consistent with our results, Hill et al (1997) did not find significant
protection of mouse melanocytes with high melanin content from
cell inactivation by UVA irradiation; however, Yohn et al (1992)
found that human melanocytes with a high melanin content from
black donors, compared with melanocytes with a low melanin
content from white donors, were weakly protected from cell
inactivation by UVA. For UVB and UVC (200–280 nm) radiation,
some protection or lack of protection of melanoma cells or
melanocytes with high melanin content from cell inactivation has
been reported (Kobayashi et al, 1993; Barker et al, 1995; Hill et al,
1997; Li and Hill, 1997). Taken together, melanin does not
consistently protect cells in vitro against either UVA or shorter
wavelength UV radiation.
In conclusion, human melanoma cells stimulated to increase
melanin, including pheomelanin, synthesis accumulated two times
more premutagenic oxidative DNA base damage after UVA irradi-
ation than did nonstimulated cells. If the same effect occurs in
tanned skin, UVA exposure of tanned skin could be associated with
an increased risk of mutations in melanocytes as a result of the
increase in premutagenic oxidative DNA base damage.
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